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IDENTIFIERS 
ABSTRACT 

Considerable discussion and debate have been devoted 
to the extent and nature o£ structural or Stuitctional correspondence 
between internal representations and their external visual 
counterparts* An analogue representation or process is one in which 
the relational structure o£ external events is preserved in the 
corresponding internal representations* A great deal of eicperinental 
evidence purporting to demonstrate the existence of analogue internal 
representations and processes has accumulated during the past decade* 
These experimental efforts have the use of a powerful psychophysical 
technique^mental chronometry"in common^ thus permitting inferences 
about internal mental events and processes from purely observable 
data* However, analogue models for visual/spatial representations and 
transformations have recently been challAngej on both empirical and 
theoretical grounds* The empirical chall^inges can be shown to be 
inconclusive^ and further ex]perimental work is needed to resolve 
inconsistencies* The theoretical challenges have taken the form of 
proposing nonanalogue models that may account for at laast some of 
the findings generally regarded as supporting the need for positing 
analogue representations and transformations* An internUl process can 
qualify as analogue if it can be shown that the intermediate stage in 
the processing has a one-to-one relation to the intermediate stage of 
the corresponding external process* Conceived in this fashion^ the 
nature of iinalogue representations can be assessed in behavioral 
experiments that have the potential of elucidating the way in which 
mental processes simulate or model external operations and events* 
(RTB) 
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Abstract , 

In this tmper, the c>ossibiUty of a^nalogUA internal tePr«^&entat ions 
spatial obiect^ and tritnsforQMtion& iB discus&ed and evaluated. ^ 
.definition of an an^logtie Process i& proviJed, ba&crd on corr^^sPondences 
between int«nBediat4> &tdge« in external sPatial transf onoationa and 
intermediate states of their tntertial ot rePreaented counterparts^ 
Psychophysical evidence^ ^orlmarily chronometric in nature* i& Presented 
in favor of this position^ The experiments discussed are of two basic 
sortSf. In one, functional ^inilaritles bet^en the time course of * 
exte^n.il spatial transfon*ations atvJ ^internal sintolatlons of these 
t ransf omtat lonB Jtre denonst rated. In tho other* the future of internal 
transformations is evaluated b^ Probing th^ orocess various 
soace/tine pcints alonf^ (he transfomacional trajectory. Alternative 
accounts of these experivental findinRs — based on models involving 
discrete symbol manipulation — are presented, as are additional 
epiolrlcal findings which aPPear to cast doubt on ttie analogue account. 
Potential methods for discriminating bei^en thei>e^rwo cla'sses of inodels 
arc Pronosed, and le tasK*dePendent nature of internal sPatial 
representations and operations is emphasized. Finally » posaib?^ 
Parallels between thn Phenomena described above and more Purely 
perceptual situations are auf^ested. The PercePturl t:tslC5 considered 
include ones in which visunilly presented transfonnationsf of displays 
Wst be extrapolated internally and also variants o*^ aPoarent motion 
pjtradign^. 
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ANAUWUE REPRESRhrrATlor;S OF SPATlAi OBJECTS A^O TRANSFORMATIONS 

Questions *;on«rnKig,the nature of the Internal representation or 
coded fnm of vlflual/ai[>at^i infomtatlon hnv^ been Prominent in the 
growing field of cof(nltlve science* I<i Partlcularj considerable 
dlscusftlon and debate have centered around Is^t^es of the extent and the 
nature <>f structural and/or functional corre€lH>ndence$ between Internal 
representations and ehelr external visual counterparts* In thl^ P^P^r» 
evidence both for and against analogue representations of spi^laJ 
objects attd- transformations t^lll be Presented and evaluated* Follot^lng 
ShePard^ CooPer and their co-vorker« (Cooper^ 1976J CooPer 4 Sbepardj 
19781 S^eP^rd* 1981; SbePftrd i CooMr^ 19aa>j a distinction between 
"analogue" representations and processes an** **nonana logue'* 
representations And processes t^ill be drawn In the following i«ay: An 
analogue representation or r^rocess Is one In which the relational 
structure of es^'ernal events Is Preserved In the corresponding Internal 
representations* A non-analogue representation or process Is one for 
which this Is not the case* Note that this distinction Incorporates a 
relatlv^lv weak criterion for ^he denonstratlon of the existence of an 
analogue Process or representation* Strict continuity of an internal 
process is not r«^ulred» por Is a "flrst^order** Isomorphism between 
stritcture of an Internal representation and the structdrre of an externals 
object or event* Furthermore* no stand has been taken on th« <tuestlon 
of the neural msf^hanlsas that ml^ht underlie analogue representations 
and Processes* ^ 
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\ Fa&e ^ 

\ 

It ts argued below — in the context of Particular exPerili^ntal 
findings — that to quallfv as an analogue process or rePresentation^^N^ 
nuflC demonstrate' thai the internal Process or representation goes 
through an ordered series of Intermediate states that have a one^tcv-one 
relationship to the intertnediate stages In the corresponding external 
process or objecc* And^ th*s one-to-one correspondence need entail only 
that the internal Process or representation allow the Individual 
cdrr;rlng out such ^ mental transformation to be Particularly prepared 
for the presentation of the appropriate external object at the 
appropriate location tn space^ if such an external object were to be 
presented. 

Considerable experlotental evidence Purporting to demonstrate the 
existence of analogue* internal representations and processes^ ir. the 
sense sketched abavef> has accumulated during the past decade. These 
experimental efforts have in contvon the use of a powerful psychophysical 
t^chfki<lue — iftental chronotaetry ^ permitting inferences about internal^ 
mental events ond processes from Purely observable behavioral data-* The 
general Idea underlying the use of chronometrlc measures is ^^^^ the 
time required to solve a visual /sP^tlal Problem — when considered in 
relation to sreclfied^ measurable Properties of test stimuli — can 
provide information that Places significant constraints on possible 
Internal representations ^nd processes used to solve 'the problem* '^Tn 
much of the relevant research, the amount of time needed to determine 
wbether two visual objects are Identical in shape or different (e.g.» 
mirror Images) has been found to depend aystematlt^aliy on the extent of 
sPatiaJ difference between the orientations of the two objects^ On the 
basts of a rrittern such as this> It can be argued that the underlying 
Internal representation^ and processes must be of a class that would 
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prodiice. the «T>ProT>rlate orderly Tclatlonshlp between enlutlon tine ami 
extent of swtldl dlst^Ucement 

In a cevlnal eicp«tlment, ShePard and Metzler (1971) asked subjects 
to detemlne as rapidly aa possible t^ethc^r two simiiltaneously-dlsPlayed 
perspective drawings of chiree-dtmenaional objects were the sdoe In shape 
or Mirror images of esch othetc In addition ^ possible difference in 
shaPe* the o&Jects could also dlffet in portrayed orientation^ either In 
the ^Picture p^^ne or about an arbitrary sxls In depth* The results of 

this experinent vere clear and striking.' Both for the gr^P dsta and at 

J* 

the level of Individual observera the tine required to'^^f^terafne that 
the tvo pOrtraVed objects were the ^ame' In shaPe increased In a 
renarkabiy linear fashion with Increases in portrayed angular difference 
between the orientations of the objecta* Furthemor^» both slop^ 
and the intercept of the linear tlow functions vera totiRhly equal for 
both Plcture^^plsne and depth angulsr differences.' This central and 
elegant finding led the Invea^l'^^tors to ai:ggeat that the task vas 
Performed by **t»eQtAlly rotating** an inter^isl representation of one 

object Into eongruen4:e with the orlentstloii of ottier object and then 

\ 

coaparlog the two representations for a match or nisokatch 1^ shape* 
This Procesi of mental rOtstlon — which ShePard and Hetzler conceived 
of as an analogue of external rotation — appeared to haue an average 
llmitlt^ rave of aboiit 60 degrees per second fo^ these subjects and 
these partlctllar visual oaterisis* 

This orderly Hoear relationship between response ttne and extent 
of angular displacement ^hat been well documented for ^ variety of ulSual ^ 
stlmuH snd task modlf Icaclons. For examPlet linear ^reaponse'tlae 
functions tiaue been obtained vt-^n a single rotated stimulus must be 
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compared with a canonicaily oriented pattern \x\ metnorV (CooPer» 1975; 
CooT»^r tt Shepard. I<)7 3) i Similar f unct Ions have been f ouQd when 
alphanumeric characters (CooPer tt SheP^rd^ 1973) or :andora 
tuo~dliAen$ionaI tKil^j^ons (Cooper^ 197S) are used as stimulus mat^rlalsi 
This same orderly relatrtonshlP has been obtained when rotations niust be 
carried out before the Presentation of, a test shape ^ ;n order to Prepare 
for its aupearance In n sPectfled orientation (Cooper, 1975; CooPer & 
ShePard, 1973)* It is also found when rotations are C^^mblned with 
additional spatial transformations <Kubovy ^ Podgornyy l9gi) and when 
the •'same-'diff erent** discrtffllnat;on altered ^to Include suhtly 

different dlstractors, ^9 well as mirror ImeKes ^ as test stimuli (CooPer 
i PodftOrnv, 1976). (Reviews of these and other studies of isenral 
rotatlv^n can be fo»nd in (ShePard 6 CooPer, 1962) and (Cooper & ShePard» 
1978)* 

> \ - ■ \ 

The host of experiments detnv^ist rating a linear relationship between 

\ 

time and Portrayed difference ir^ the orientations of visual obJectC^X^as 
consistently been Interpreted as Providing evidence for analog*ie 
representation of spatial objects snd spatlal transformations* This 
because the linearity indlrectlT fulfills the chief criterion for an 
analogue process — viz*t a correspondence between Internal and external 
relational sttuctures and traneforaational distance and time suggests 
thdt the Internal process usea to solve rotation Problems Passes through 
a trajectory of Intermediate states which have d one~to~one 
correspondence to the Intermediate stages In the rotation of 'an external 
object* That ls» the linear reactlon"tinie function Indicates that the 
time required to cofmrtare two visus^ stimuli Presented at two 
sufficiently different <>rientatlons A and C Is an additive combination 
of the tloes needed to compare those stimuli at orientations A and B and 



^ Page 7 

At orienCat ioHfi B and C» Sh^Pard^ Cooper ax\^ their collabor<itori» have 
arftii&d that such ^ finding constitutes indirect evidence for the claim 
that rhe internal process underlVlnR <rom(>arl5on of the i^isual sCliDull 
presented in orientrittona A and C pas«e9 through an Intermediate state 
corresponding to orientation B (CooPer, 197S, 1976; <^0Per & Podgorny^ 
1 976; Co<?Per & ShePard, 1973, i976; ShePard, 1981; Shepard & Cooper^ 
1982; ShePar<t &Metiler^ 1971). 

Hore direct experln^enca' demonctration^ the atialoKue nature of 
mental rotation have been Prov ide<J by CooPer and Shepard <1973» 
Expertoient II) and by Cooper (1976)* These experliaents are poverful In 
that theV shov the required one-'to^one corresPCndence between 
Intermediate sta^^es in 4n external rot^_*uo and Intermediate states of 
an intertial Procetss tn the specific sense of an Individual engaged In 
the nental rotation b^ing especially ready to respond accurately ^nd 
rabidly to the appearance of an external test actotulus that is Presented 
at jM9t the appropriate orientation In the tranaformatlonal trajectory* 

In one of cheae atudlea^ CooP^r (197S) Initially trained aubJecCs 
to dlvcri initiate arbltrarity^def tned ''standard'* from ^'reflected" veralona 
of random tVcy^dlmenslon^' polYf^.ona at otie particular orientation In the 
Picture Plane* Following the discrimination training^ individual 
polygotifl were Presented^ at one of six orientations^ and subjecta were 
rectulre^t to deteriolne as raPldly as Possible whether each w»« a standard 
or a reflected version* Reaction tl^e increased linearly vlth angular 
departure of the shaoea from the (canonical) orientation at which 
training had fKcurred* As In th& earlier ShePard anil Het^ler (1971) 
study^ the linear tlrqe function vas taken as Indirect evidence that 
subjects («re mentally rotarlng the test Polygon Into the trained 
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orfentattoct in nrdi^r to ftchteve the standard^rt^f lecti^d dtscrlfnin^tion 
Rotation rates were oncmt^d separat^lv for Individual subjects and 
t nd I vl d iia 1 !»t I mul 1 . 

In ft sobs^Qu^nt ext>*rlment^ Cooper (l976) tested the f&(ne subjects 
usinf; the sAine visual stimuli » bur utodlfied Procedure.' Subjects were 
sliapiy ASked to Inaj^lne a particular shape from the prevlot>« cxi>erl»ent 
rotating fron the trained orientation about a circle at a ^'natural" 
rate.' (in the ha«is of the data frotn the ^earlier experiment* It uaB 
possible ro co-uPute at what orientation In the Incernal tr^inftfonnatlonal 
trajectorv a j^lven subject'^ (rotatlnj;) representation of a mven shaT>e 
would at a i>arttcular p4>lnt In timei^ On half of the trtaU, a test 

shope «a^ Presented at one such "expected" orientation dt an 
unP'^edlctable woment In tlsei and the subject was required to determine 
as raPldlv as possible whether the Probe was a standai^d or n reflected 
version of the shaf>e being Imagined* On the other Ualf of the ..rlals^ a 
test Polygon wa« Presented in an orlentatli>n Inferred not to be 
congruent with the orientation of the Siibject's (rotating) Internal 
representation^ and the same dLscrl>?lJtation uas re**ulred<- 

The results of this exP^rlcaent were clear and elegctnt^ Reaction 
tln*s ware shortest and uniformly raPld uhen the test shape was 
Presente<t in rh*» orientation that corresponded to the aseuraed al>atlal 
position of the rotating Internal rePresentat Ion* This was true (a) 
regardless ^f Che anf^ular departure of this expected orientation .fron 
the InltlaUv-t rained p-jsUIoh^ end (b> even for Interned late 
jorlentatlons at which test stimuli had never been previously Presented 
In the Initial expertnent* Furthermore^ when test shapee ^ere Presented 
In unexpected or Incongruent orientations reaction times Increased 
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UntATiv with the anj^Mlaf JePartufe of tne test Protw^ from the l<^ft^rred 
expected (>rt«nt4t t^tt* 

These results are con*l*t*»nt ulth thv nottott *tMt fvent^l rotation 
IB «n JtnAlo^ite of 4t Physical rotdtton Ifl'the ff(>*ciflc gente of the 
tntvrnnl and external Processes hsVtng th« required retAtton of 
reaitHess f<^r resP^nd^j^ to rh« aPP^oPrt«tt^ external object ^t the 
4PProT»rt4te stage m the transfi^mattonal trajectory* Cnntrast thts^ 
for t;xatiPle ^ with an Interital transformatton t^uch matrix 
(BtilttPUcatton by (riitch a cootputer ntght comtAite the n«w coordtmites for 
A rotstcd system of points fc*f«^ Shepard 6 Cooper^ 1962)* This pro^^ess 
uoutd not qualify ss aiulogue because the tnternedtate «t«ges tn ttte 
cslculatlon wo'ild iwt have a one-to**one c<>r respon4encp «rUh fnt«ni«Utate 
ortentatfonsi' tn tht sense that thv fonputer would not be tn a atate of 
h«tghtei^€d readiness for responding to the Presentatton of^^ tntentedtate 
ortentsttons **- tntemedtate ttoes. 

In Sddttlon to th«se atudtes of nu^ntal rotctloni^ luny other 
chronoaetrtc studl^ have frequently , been Interpreted as Providing 
evtdenc« for analogue tnterctal repf«s«ntatlona and Processes. Host 
extensive* P«rt£spa, ts the body of exP«rtment«l work Prodticed by Koaslyn 
and. hts co-tfork*rB* (For a coftPrehenstve revleu of ^hts research effort 
and • rheofetical Perspective eee KoasJyn i^BO*) *)nllkQ the «entat 
roratton expefto^nt^t In Ko«styn*s expertn^nta bubjects are generally 
Instructed to generate tnternal rerreaentat tons that they would catt 
Cental litaSes'* aaj tp us^ t^re^e rePr^tentatlons ^s a basis for 
Perfofnlng a variety of vlaual/s^atlal tJisks. A tyt^lca^lksk ta one 
used by Kosalyn (1971) and Kossly.i^ Rail and Ketser (1978). In these 
exP^rlnentitt subjects wero Instructed to lorm vtsuat toaSea of 
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l»r«vlouj! tv vie ed ^jhiocts or «tMtl^i t iy-it:th (in th** t *s« ol Ko^^lvn, 
1973, ribjoct^t wltu ^ Jioritontjl ,i vi-rtlr^l url^niitUai ^nd xn tht* 

rontalnlnfl * mtmb^r r>f ' ♦■■ntlM*i*»lt' Kirt Ja^rJts), TheY. w<t*> troa ^^Ked ff* 

l;40(ttctflrk nn the l^a^ilru'd T«n » Thi" oentrjil exo*ri inen; .1 i t.i*;k rfquirod 

Prefient ot> Th< inw^i* <>f thif f^h fert i^r uhifth^^r a rf-t^ln l^ndiafk 
cnntflln«d thv nl tb^ nwP, TV chief riant (Hiljt 1 [>n ma* the 

(tUrjil.cif hflwt^j'P the rtU^nded end if tho r.hltct ^ad The Pri>bi*i Pr<.P<frtv 
or tbt* dHtfln'^e h^twfeti tho ^ttendifd mJ 1 tiffit**d location** th^ 

i# In hnfh wta i^f *tudJeN, K/?*slvf) (1^73; Ko*»Jvn, BjH & Roi«t>r, 
147P) found that ver^ f Irn'it Inn tloes in^Tif.ifted llnifarly ulth the dlMtiirtce 
between thp fncu«»«d ^nd if the nbject iir location oit the rwp ^nd tne 
£^ro£^err <*r lutidmAik th^t u«tj! t^ftcc^d^ Thtfi fan^^tlon relating 
««v«r If lOAt ton lime t^ ^rLtcnt nf ^^ntl^l dititdnc« Is oP^n to an 
lnt«rPre^«tton slsiiUr tn th«t nado the hJaU *il tho ddU from th*; 
nental roUtfon experfmenri) Jlstun^ted fl*>ovif, Thdt 1^, >u»t Jtif t^t* 
tini'ar relationship Inrtween react io»l tlrae ^Tld .injjuUr tilt I erencea 
beti^en two vls'tnil nbiect* &ri*vld«s Indirect evldenc*' i\>r 4 
correHPondenre tx^tve^'. Inierrawl lite lnt**fial prOtesaln^; flt^tep ^nd 
Interned Ute *xt*>rOi*l nr lent At ln»^« # tt>(> the tlnifar relationship 

Setw«en ve rlf Icit J on and di^ttanc< ftay sv*Rfte*t that sxn internal 
rePre»«nf at Ion of ^pac-e " when subjected to the t rrinb f orut Ion <*f 
ftCA^^nlnf; — has fk structural corre*pondenoif tu the oxternat de^t^tlon of 
distance betue«n objects '>r 0roP#^rtle^ which l« required of ^n aoaloKu*' 
i%l>re«entAt Ion* 
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Chronometric datii of th« sort reviewed ab^^ve have be«n interpreted 
by ftAity as Providing evidence ft>r analogue representation and processing 
of visual/sPatinl Infomdvlon; hovever^ ttu» Interpretation has heeci 
challenged by various investigators on both theoretical and empirical 
groundSi One form of the challenge ba^ consisted of Presenting 
experltnental results that appear to Infirm the notion of analogue 
representation and proce^islng of visual Inforraatlon* ^Another -tyPe of 
challenge has centered aroun<t the developnieht of alternative, 
nonanalogue accounts of the Internal rePresentatloda^ and processes that 
could underlie the relevant cbronontetrli^ Indl^^^s* These two sorts of 
objections are discussed bej ou in turn. 

One set of experimental flnolngs that has refined the account of 
the nature of the represent^ations and Processes involved In mental 
rotation and which, to sooe extent, has questioned the analogue 
interpretation favored by Shepard^ CooPer, and rhelr co^uorkers (Cooper, 
1975, 1976; CooP^r & Podgorny, 1976; Cooper & Shepard, #973, I978i 
Shepard, 1981; Sh/^pard > Cooper, 1982; SUeT>crd & Hct^ler, 1971) has 
cotoe frOD the wotk of Carpenter and Just (1976, 197^) ■ Thes^ 
investigators have laeasured not only the time requited to comp^ire the 
shapes of two disoriented visual objects, bur also the Pattern and 
duration of eye flr?tions that liublects pmHuce while niaklng the 
cooPartson. Thelt analysis of eVe fixations suggests that three 
coaPOnent operations are carried out In achieving comparisons between 
vlsufll flf^ures Uke those used by ShePard ^nd Metaler (1971), The first 
operation ^ is ot*; of search, In which oarts of the two figures that 
potentially correspond tf^ each ot^er are located* The second operation 
Is one t>f transfonftatlOk ! and comparison. In which cotrespon^iing j^eg^ents 
of the flg^ires are mentaMy rotated and sequentially compared* The 
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third opernfttton ts on« of conf Inaction ^ tti which other Parts of the 
flSut^s are compared tn carder to determine '^tether they «tre con^tuerc as 
a r«»ult of the nental rotation* 

The theoretic^: Account that these Invest If^ators offer on the basis 
of both their chronocnetric and their eye fixation data Is slightly 
dl ff ereni f roa the analogue account offered by Shepard and Cooper 
(Cdoper^ 1975^ 1976; CooPer i Pod^orny^ 1976; Cooper & ShePard^ 1973^ 
1978; Shepardt l^dl; Shepard ^ Cooper, 1902; Shepard ( Metzler, 1971) 
Ip two respects* First, Carpenter and Just (1976, 1978) suggest that 
rota^.lons ^re carried ouC sequentially, on individual s^g^nCs of visual 
objects, rather than on an Intej^rateil , holistic IntArnal representation 
s which we eight expect of an atialoj^ue Process*^ Second, their' eVe 

fixation analysU has led them to suggei^t that the rotstloi operation 
operates on these portlonis of vls^j^i fij^ures ip discrete steps of about 
50 degrees* This vlev, vhile eophasizlng the possibility that rotations 
naV be performed on discrete parts of visual representations in discrete 
stei>s, is still consistent with th^ criterion for an analogue process 
outlined in (Cooper, 1975, 1976; CooP^r i Podgorny, 1976J Cooper h 
ShePanl, 1973, 1978; <^hepard, 1901: fhePAt^ \ Cooler, 1982; ShePard & 
Mettler, 1971), For, during a mental rotation of, e*g*, 150 degrees, 
ttie Internal process- i>asse^ through Intermediate stages corres|>ordlng to 
Intenaedlate external orientations of 50 degrees and 100 degrees, 

A second set of exP*rltaental findings that challenges the analogue 
accf^unt of mental rotation has been Presented by PviV^hyn (l 979) , 
PVlyshyn h^s argued eMevhere (1981) that to qualify as analogue, an 
Internal process fflust not be capabie of being shown to he "cogn*tlvclV 
Penetrable,*' What this loeans. In essence. Is that If the operation of a 
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coffoltive process can b** sMowt^ to W jnflueitc^d by goals^ beliefs, 
knnwledget or other exti^rnAl factors, then that Process cogctltWeiy 
Penetrahltt and he^ i? cannot regarded as a prl.nltlve^ 

Knowledge- independent process* Pvlyshyn Cl 979, I9)*t) further argues 
th^c to qualify as analogue a representation or 4 Process ^ust exhibir a 
lack of Penetrabtltty » For» If an internal process can be Influenced by 
knowledge or other symbolic f actor then that orocesa and the 
representations on tHtlch It operate*^ ,iiust themselves by symbolic in 
na ture^ 

?Vlvshyn <L979, 1931) has attempted to ^how that 90-calle!l analogue 

i 

Proceasea auch as mental rotation (Cooper^ 1 975^ 1976; Cooper Cr 
SheDar^, 1973, 1962; ShePard^ I9S1; Sh^P^rd CooP^r^ I9S2; Shepar^l Cr 
Hetzler^ 1^71) and luentai scanning (Ko^slyn, 1973, 1980; fCoaalyn, Ball 
h Reiaer^ 1)76) are cognitlvely oenetrable two ways* First, he haa 
Pre^en^ei) experimental dfldence outatlvely demonstrating that factors 
such as sctmulua structure and Practice can affect the rate of these 
mental Proceases* Second^ he has suggested that the response-t tme 
Patterns that bave coononly been taken as suPoort tor analogue processes 
and representations may better be accounted for by appealing to 
subjects'' "tacit knowledge'* of th>^ detnands of the experimental 
situation. fty "tacit knowledge" ?ylyshyn (I9gl> refers to the notioa 
thar subjects have knowledge of the nature of Physical transformations 
andt further^ interPret the experimental situation as inviting the 
si-ftulation of what they know the appropriate Physical transfotoatlon to 
be, 



cogr^ltive penetrahilttv jre anis that requt retj subjects determine as 
rapidly as c>o8sible whether or n^t a test probo , presented 
fli(9ultan«0(]sly with ^ visual f if^ure and In vari^u^ different 
orient^tt'^tift on (different trt^H* was a part nf the figure* ks tn ot^ejr 
ttent^l rotation expertnents, Pylyshyn fbund that reaction time for the 
Part-verif tcatton task Increased as the angular difference in the 
orientations of the figure and tne part increased* However , the 
"goodness" coherence of the rest Probes as pacts of the figures — 
which V3S the chief experimental oianipulation — Ptoduced variations in 
the slopes of chese react lon-tiae functioi\s^ indicating that more 
structurally coherent parts could be mentally rotated mare rapidly th^n 



less coherent P^rts* Fron thes;Ad;)ta» Pylyah^rn concluded ttiat since 
mental rofttion rate can be inffuenced by aspects of stloultjs structure, 
it is a cognltlvely penetrable, and henc4« nonanalogue^ process. 

Whether or not one accepts Pjfljrshyn'e criterion of nonpenetrabllity 
as a condition f^r an analogue pro<*eadt his conclusions should 
nonetheless be viewed with caution (cf., SheP^rd A CooPer* 1982, Chapter 
8). The oethod of stimulus Presenti^tiott and the judgment required of 
the subject were sufficiently different froa those used In other studies 
of ntental rotation <Cooper, 1975^ 1976; Cooper * Podgorny, 3976; 
CooPer Shepard, 1973, 1978; ShePerd. 19811 Shepard h CooPCr, 1982f 
Shepard h Met^ler^ 1971) to question the comparability of the 
experimental f indings. Furthermore, * the Processing time meaaured by 
Pylyshyn fncluded components other than rotation — auch as encoding and 
comparison of the figures and the parts iflri(?h themselvea could hav^ 
Produceii the reaction-time differences associated with part "goodness. 
tionethelesSf while Pylyshyn's experiment is not contluaive» exploration 
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of tbe tflflueflce of stimulus and Jwigmental factors on the rate of 
operations liK« rot^tiot) and scannitig seems ^ fruitful aventie. to purs^le- 
The results of such ex1>^riaents may yet Provei ^nd^ (n the case of one 
study discussed below (Cooper 4 Pode^>rny, 1976) already have proved to 
be theoretically irtcisive. 

Pylysbyti's (I9d)) second attempt to invoke coftnlclve Petietrability 
has involved arguing that subjects use tacit knowledge of the nature of 
physical tratisformations in making the timed Jtidgcients required tn 
mental rotation and mental scanning experiments. Hence, the linear 
reaction-time data do not necessarily reflect the operation of ^n 
Internal analogue process; rather* these data may reflect notMnS more 
than subjects'' beliefs about the time course of physical operations' 
couPled vith a desire to conform to the inPllcit demands of the 
experimental situation. This Is a difficult argument to evaluate since 
Introspective evidence anight not reveal the use of such ** tacit'* 
knowledge. In the absence of a consciotis strategy on the part of the 
subject! Kosslyn (1981) has^ however* Provided a twofold rejolnet to 
Pyiyshyn's argufttnt based on the use of tacit knowledge Kosslyn's 
criticisms of this position can stimoarized as follows^ Firsts 

results consistent with an analogue account can be obtained in ^he 
absence of explicit Instructions to generate Visual images or to engage 
in Processes analogous to physical transformations. Second* Subjects' 
wilt sottetimes exhibit^^ Performance that indicates that their Internal 
representations of spatial objects and transformations have Properties 
similar to those found tfl perceptual enperiments and which, furtt\^r» are 
counterintuitive. These results are most likely not attributable to 
tacit beliefs about Physical objects and events. 
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A second line of objection to the ti«ef alnes« of pOi^tuUctng 
ifit«rnaf anaioftu^ representations and Processes has pro^eedeJ tn a 
soneuhac different dtrectton than that of Che empirical work dlscu3^«4 
above* In essence, it has involved the attenpt by varjlous investigators 
— ©oi*t notably, Anderson CT97S^ 1082) to produce discrete, 

nonenalogue systems that aimic the behavior of analogue systens, and 
thus to account for certain of the crirical chronomet ri<: findt^.gs* 
Andcson (1478) argues further that nct^nalogue accounts are to be 
Preferred on grounds of P^f^tntony » That is, only one symbol tc^' 
representatIv^nat system need be Postulated to explain the coding ^nd 
processing of both Itnguisttc and sPatial ihfoitaation^ (For a somewhat 
nodified view, see Anderson^ 1982*) 

This a difficult argument to evaluate, for as Anderson C1978) shows 
fonnaily, ir ts possible with the proper set of tePresentarional aftd 
I Processing «ssuaipttons ro design a nonanalogue systen that vtll indeed 

Produce Perforinan<:e ftequently sttrtbured to analogue syst«n* 

' However» in response to this positiont two Interrelated Points Ahuuld be 

noted* The firsr — attrib^.«.blfi Kosslyn and Foioerantz CI 977) — is 
thar certain dtscrere^ oropositional theories may be too Povrerful^ in 
that any enPirical result «»ay be explained after the fact^ Suc*j 
* theories, though,* may have insuf f i<:ient constraints to Ptedlct a 
particular experimental outcome in advance* In contrast, versions of ^n 
analo^u« a<:counr can make rigorous experimental Predictions that Place 
serious consrraintii on the nature of the representations and Processes 
underlying <:ertain emPtrlcal phenomena* 
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Conatder^ for exaiii>l«t the atudy by Cooper (1^76) discussed aboyet 
In uFhtch point* In a hypoCheai£«d underlying transfoTmatlonal trajectory 
were Probed with teat foms at appropriate temporal Intervals* An 
analogue account of the representations and Processes tapped In this 
^xperla«nt oakes a clear prediction concernlnR the relative speeds of 
**probe-e3tP^cted" and *Vrobe^unexf>ecte<t** trials* the pfe<tlctlon» which 
was ^onflraed in the ei^perlatent » is thet reaction tlioea should.be rapid 
aL>d ilvlrtually constant for all orientations on "probe*ex|>ected" trials^ 
jbut should increaae with Increasing angular difference between the 
probed and the expacted orientations on ^* probe-unexpected" trials* 
W le some form of a discrete^ oroPoaltlonal iDodel may be able to 
accovBOdate such results^ there seems little or not ffrlorl reason for 
auch a system to behave In the manner described ebove* Still another 
experlftental finding that » minimally » constrains the class of 
nonait^Iogue models that can account for ao-calied analogue Phenomena has 
been reported by Cooper and Podgorny {1976)t Using a restricted set of 
visual stimuli » these Investigators were able to show that the 
complexity of the stimuli had no Influence on the rate of oenral 
rotarlon. Vhlle this finding mdy Prove to be highly task» atlmulus, and 
practice specif lc» It nonetheless Is cot^s latent with an analogue 
Interpretation of the undetlylng repreaentatlons and Processes and Is 
handled with difficulty only be certain versions of nonanalogue accounts 
(cftt Anderson^ 1978)* 

^ In sutmnaty^ then» analof^ue models for vlaual/spatlal 
representations and tranaformatloTis have recently been challenged on 
both empirical and - theoretical grounds.' The emPlrlcal challenges can be 
shOhm to be Inconclusive and further experimental work 1^ needed to 
resolve the Inconsistencies » The theoretical challenges have taken the 
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form of proposing nOTia^alogtie ctodels thac may account for at least hmbc 
of the findings generally regarded a« supporting the n«ed for positing 
analogue representations 4nd tranifomations. Uhlle there appears at 
Present to be no satisfactory ^ay to teat alter native oKxlels, 
I consideration of an entire body of converging exP^rtmeatdl findin^^ inay 

help to constrain the class of siodels capable of Providing an^ adequste 
accounr of visual rePreaenrac ion and procesaing. 

The theoretical account provided thus far of analogue 
rrPLesenttittiona and rransfonftatlons underscores the similarity between 
perceptual and Imaginal operatlona and codes, e.g., between carrying out 
a aental rotation aed Perceiving ^ti external .E)hyslcal rocatlon^ (See 
ShePar^ ( Podgorny, 197&» tor a ctore complete description of relevant 
expc^rlmentol evidence.) After f^hepdrd and Cooper (t9&2) and Neisser 
<l ^^6).- the Internal representation undergoing an analogue mental 
transformation might be viewed as an anticipation for Perceiving the 

f 

appropriate external ob.lect in the appropriate external spatial 
location^ were it artUAlly to appear. Clven this theoretical franework, 
the question naturally arises as to whether correspondences can be found 
between rhe tine course and nature of mental transformatic>ns and those 
of more strictly perceptual processes* 

One experimenc^l paradiftm that has recently been introduced by 
CboPer and Vallone (1979) explored the question ci the continuity 
between perrelvinK transformations On depictions of objects in sT ace and 
internatiy extrapolating such transformations. Their Procedure Involves 
displaying a line diiwlng of an obje^i^t undergoing a specified 
tranAformaCton (e-g** a rlflid totatlon about an axis in the plcrure or 
Plane or in depth) a^: some specified rate. At sune unpredictable moment 
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durlrtg tb« tranfiforoation^ the object disappears fro# vlek» and sdto 
lat^r and a^aln unpredictable tlae the saaie obj4>ct reap|>ears at a ryew 
l>D9ltlon in the transformational trajectory* Tne observer's task Is to 
determine t^ether^ or not the object ttas reaPPeared at the appropriate 
sPatlal location^ wer« It ro have continued transfomlng during the 
blank V>eriod, at the rate and In tha fashion originally viewed* 
EKt>erlfflent** using this procedure have been Initiated only recently and 
results ere ^s yet nnlte Preliminary (C<>oper ^ Vallone^ 1979>* 
KonethelesSf the Paradigm ^pf>^ar6 to have promise for Investigating 
Questions concerning the limiting conditions tor perforating mental 
«l(Pulatlons of perceives] spatial transformations In terms of the type 
and rate of rhe transfonieclon, the correspondence between the rate of 
traneformatlon and rate of spatial tranflfomuitlons generally encountered 
fn the eavlronmentf the distance along the transformational trajectory 
along vhtch the ^mental extrapolation occurs^ stud the nature of the 
object being transformed. 

Another experlnental situation* which has *>*en used bv SheP^rd and 
his co-workers (farrell & Shepardt 14gl; ^^epard & Cooper, 1962; 
SheDatJ & Judd, 1976) to examine the relai^to^shlP bet;wen mental 
trsnsfonvatlons and certain perceptual phenomeoil » presents observers 
vl th MlKuai^ displays shown In rapid alternation* In an Initial 
exPeriml^tX^hepard aniT Judd (1976) found that ^en perspective views of 
the saine three-dlrenslonal object were shown alternately In two 
different orientations^ observers lePorted an illusion of tlgld rotation 
of a '^♦'ifte object under certain conditions* As In the case of the 
earlier mental rotation ^KJ>erlments» using the visual dlsPlayfct the 

nlntmun exposure tltte required to prcd^^ce coherent apparent r^tatlooaT 
votlon of a single three-dimensional object Increased linearly with the 
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inguUt difference iwtween th* portt^^yed nrleutattons of the two 
9Cl>«tdte vlew»« AAain» tn accoi^dance with findings froa {dental rotation 
exPeriaetMts» the sIod* the atnlmuia cycle duMttons^ as a function of 
angular difference* wan equivalent fo^ rotations In the Plc&ute plane 
And In (teptht (Sltnllar r«9ults have been nbtalned u^lnir random (>4)lygoo& 
stioull Wh«n those polygons are a^fvunetric » Earrell & Shepard^ 194l)« 

One notable difference between thl> apparent rotational (lOtlon and 
the mental i^otatlon task fa found In the tine neceaaary to Prodof^e d 
perceC^tual lUoilon of rigid rotation and the tlsw reiiolred to undertake 
a purely Intagtnal rotation of an Internal^ rePreaentatlon oi a victual 
object* It* the caee of the former » perceptual ly-drlven type of 
transforation t critical tlntea are on the order of on^y hundreds of 
iallll»econde t^erea» in the caa^ of the latter', effortful ty^e of 
^ranafomation — In which an Internal repreaentatlon of the spatial 
structure of an object conrlnoally preserved during the tr#na£oraatlonal 
procesB — tinea are on the order of several seconds*^ tfonethelesa^ che 
striking slnllatltlei In the pattern of results obtained in the two 
situations have led ShePard (Farell t Shepard» 198lt Shepard i Cooper, 
1982; Shepard & Tudd, 1976) to argue that both perceptij|^ and the 
loaglnal transfoi^atlons reflect the operation of -nd^^rlyinf^ analogue 
processes anil repi^esen tat Ions* 

In ^umaary, this paper has Presented a brief and Inccxnplete 
overview of experimental evidence that arftues for tt ^ necessity of 
Pbaltlng an analogue systei* for the representation and processing of 
vlsoal/spatlil information iu certain altuatlons* The evidence has 
froa psychophysical experiments In t^lch the tine course performing 
mental transfonuitlons on rePresentat ix>na of visual objects has Iwn 
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shown to correspond to th« tine course ot pi^rformlng .^^nalagoua physical 
trsnsfonttatlons on external objecti* The le/el of descrlpc£<in at which 
Internfil processes hav« been characterized aft analogue Is sufficiently 

abstract to avoid any ST>erulatlon -^concern liig ufiderl/lng neural 

j 

mechanlsfls. Rather, sn Internal process dsn qualify as analogtie if it 
csn be shown that the intermediate states In the processing have a 
one^to^one relation to the Intermediate stage of the correapondlng 
external Process.' And, thlF one'tO'^one r«laclonsh£p la of a behavioral 
dlsposlrlon or of a readiness to P«rcelv« and respond to s particular 
external object 1ft particular external spatial Position, if auch an 
object were actually to ^ presented* Conceived In this fashion, tt« 
nature of snalogt>e representations and tranaf onaatlons can be assessed 
In behavioral sxP^rlnents that have the Potential of elucidating the way 
In which tsental processes slmulste or «odel external operations aod 
eventa* 
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